Brief perfusion of heart with calcium-free medium renders myocardial cells calcium-sensitive so that readmission of calcium results in uncontrolled Ca2+ entry and acute massive cell injury (calcium paradox). We investigated the hypothesis that polyamines may be involved in the mediation of abnormal Ca2+ influx and cell damage in the calcium paradox. The isolated perfused rat heart was used for these studies. Calcium-free perfusion promptly (< 5 min) decreased the levels of polyamines and the activity of their rate-regulating synthetic enzyme, ornithine decarboxylase (ODC), and calcium reperfusion abruptly (< 15-180 s) increased these components. a-Difluoromethylornithine (DFMO), a specific suicide inhibitor of ODC, suppressed the calcium reperfusion-induced increase in polyamines and the concomitant increase in myocardial cellular 4"Ca influx, loss of contractility, release of cytosolic enzymes, myoglobin, and protein, and structural lesions. Putrescine, the product of ODC activity, nullified DFMO inhibition and restored the calcium reperfusion-induced increment in polyamines and the full expression of the calcium paradox. Putrescine itself enhanced the reperfusion-evoked release of myoglobin and protein in the absence of DFMO. Hypothermia blocked the changes in heart ODC and polyamines induced-by calcium-free perfusion and calcium reperfusion and prevented the calcium paradox. These results indicate that rapid Ca2+-directed changes in ODC activity and polyamine levels are essential for triggering excessive transsarcolemmal transport of Ca2" and explosive myocardial cell injury in the calcium paradox.
Introduction
Calcium ions are important mediators of numerous processes required for the maintenance of normal cell structure and function, but they also participate in pathological processes that can lead to cell death. This is well exemplified in the cardiac myocyte that is dependent on extracellular Ca2+ for excitation-contraction coupling (1, 2) , and the structural integrity of its plasma membrane (3) , and is at the same time extremely vulnerable to perturbations of calcium homeostasis. In the calcium paradox, a short period of perfusion with calcium-free (< 50 pM) solution renders the heart cells Ca2+-sen-sitive so that readmission of Ca2+ results in lethal cell injury thought to be triggered by the entry of a large amount of Ca2+ into the cell (4) (5) (6) (7) (8) . Despite much work, however, the molecular and cellular mechanisms underlying Ca2' influx and calcium-mediated cell damage have remained elusive.
Th aliphatic polyamines putrescine, spermidine, and spermine, the major organic cations ofcells, play an important role in cell growth, differentiation and replication in heart (9) , as in other tissues (10) (11) (12) . Recent studies in our laboratory have revealed that a transient increase in the activity of ornithine decarboxylase (ODC),' the first and rate-regulating enzyme of polyamine synthesis, and a rise in polyamine levels are very early events in cells stimulated by the hormones testosterone (13) , 1-isoproterenol (14, 15) , triiodothyrone (16, 17) , and insulin (18, 19), as well as by membrane depolarization (20). This polyamine synthesis has been shown to be important for hormone-and depolarization-induced stimulation of Ca2+ fluxes and several Ca2+-dependent cell responses. These findings have led to a new model for signal transduction and stimulus-response coupling in which polyamines function as messengers to increase cytosolic Ca2' concentration by stimulating transmembrane Ca2+ transport and mobilizing intracellular calcium (13, 14, 21) . In the present study we have examined the putative role of polyamines in the regulation of abnormal Ca2' movements and the mediation of cellular injury in the calcium paradox. Our results indicate that calcium-free perfusion and calcium reperfusion cause rapid and profound changes in cardiac ODC and polyamine levels. These Ca2+-directed changes in ODC and polyamines appear to be instrumental in triggering the large amplitude movement of Ca2+ across the cell membrane leading to the calcium paradox.
Methods
Heart perfusion. Female Sprague-Dawley rats (200-300 g body wt)
were injected intraperitoneally with 100 U of heparin and 60 mg/kg pentobarbital. Hearts were rapidly excised and immersed in oxygenated buffer solution at 40C. The aorta was cannulated for retrograde perfusion of the heart by a nonrecirculating Langendorff technique using a modified Krebs-Henseleit (KH) medium containing (in mM): NaCl, 118; KCI, 4,74; MgSo4, 1.2; NaHCO3, 25; CaCl2, 2.5; KH2PO4, 0.93; glucose, 10, pH 7.4. The KH medium was saturated with 95% 02-5% CO2, warmed to 370C, and delivered to the heart by a syringe pump (model 341A, Sage Instruments Div., Orion Research Inc., Cambridge, MA). Cardiac contractility was monitored by a Grass FT08 force-displacement transducer attached via a nylon ligature to the-ventricular apex. The transducer output was displayed on a Kipp and Zonen BD 40 recorder. 45Ca (1 GCi/ml) in KH medium for 15 s-5 min followed by a 15-min washout with calcium-free KH medium containing 0.5 mM EGTA at 00C to clear the vascular and extracellular compartments of 45Ca and leave the cellular 45Ca trapped within the myocardial cells. This method, which has been used for measurement of rapidly exchangeable cellular "Ca (23, 24) , as well as cellular 4'Ca uptake in the perfused beating heart (22, 25) , is based on the principle that active transport processes have a much higher Qi0 than passive diffusion. The 45Ca uptake values obtained in control rat heart in the present experiments were comparable to those reported by G0tzsche (22, 25) .
Analytical methods. For biochemical measurements, hearts were freeze-clamped at -1860C and stored at -70'C until analyzed. ODC activity was assayed by a modification (13) ofthe method of Djurhuus (26) (Fig. 2) . The rank order of increase of the polyamines was putrescine > spermidine > spermine during 120 s of calcium repletion, at which time ODC and polyamine levels were restored to those found in hearts not subjected to calcium-free perfusion. a-DFMO, (5 mM), a suicide inhibitor of ODC (29) , reduced the calcium reperfusion-induced increment in ODC by 80-85%, and the increment in polyamines by 93-120% (Table II) . Putrescine (0.5 mM), the product of ODC activity, effectively circumvented DFMO inhibition and repleted heart polyamines during calcium reperfusion (Table II) . Putrescine also increased ODC activity in the presence of DFMO.
Contractilefunction. To investigate the pathophysiological role of the changes in heart ODC and polyamine levels in the control perfusion. *P < 0.05, **P < 0.01, ***P < 0.001 vs. calciumfree perfusion value at 20 min).
calcium paradox, we monitored the mechanical performance of the perfused heart with a strain gauge. In the standard protocol, the heart stopped beating during calcium-free perfusion; calcium reperfusion of the quiescent, calcium-depleted heart failed to restore spontaneous contraction (Fig. 3 A) . The addition of 5 mM DFMO to all perfusion media, or 10 mM DFMO for the last 2 min of calcium-free perfusion and first 2 min of calcium reperfusion (not shown), allowed almost immediate resumption of near normal contractility after readmission of calcium-containing KH buffer (Fig. 3 B) . Putrescine (0.5-1 mM) added to DFMO-containing perfusion media negated DFMO protection and prevented the return of contractility during calcium reperfusion (Fig. 3 C) . In control experiments with hearts not subjected to calcium-free perfusion, perfusion with 5 mM DFMO or 0.5 mM putrescine was well tolerated for 10-i5 min.
Release of cytosolic constituents. Heart cell damage was monitored biochemically by measuring the release of soluble cytosolic markers into the coronary effluent. Little or no release of cytosolic constituents occurred during perfusion with KH medium and with calcium-free KH medium. Calcium reperfusion after 5 or 15 min of calcium-free perfusion caused a major efflux of creatine kinase, lactate dehydrogenase, and glutamate-oxaloacetate transaminase at 2 min (Fig. 4) . This efflux was substantially suppressed by 5 mM DFMO. In the kinetic study shown in Fig. 5 , a significant release of myoglobin and cellular protein was detectable between 20 and 40 s after initiating calcium reperfusion, and this release progressed for at least 2 mim. 5 mM DFMO blocked the reperfusion-induced release of myoglobin and protein, whereas putrescine nullified DFMO inhibition and enhanced the efflux of these constituents. Further, putrescine augmented the release of myoglobin and protein in the absence of DFMO (Table III) . The addition of 10 mM DFMO for the last 2 min of calciumfree perfusion and the first 2 min of calcium reperfusion also inhibited the release of myoglobin and protein (Table IV) . In control perfusions of hearts not subjected to calcium depletion, DFMO (data not shown) and putrescine (Table III) were without effect on the efflux of cytosolic markers. 45Ca uptake. 45Ca perfusion was followed by a cold washout for 15 min at 00C with calcium-free KH medium containing 0.5 mM EGTA to remove 45Ca from the vascular and extracellular compartments and allow measurement of intracellular 45Ca. This cold washout of 45Ca reached asymptote and removed > 99% of the total 45Ca in control perfusions, indicating that the great bulk of the 45Ca was present in the extracellular and vascular compartments. In the experiments shown in Fig. 6 , calcium reperfusion induced a 22-and 17-fold increase in cellular 45Ca influx at 15 s and 2 min. DFMO inhibited the calcium reperfusion-induced increase in cellular 45Ca influx by 80%, and the release of myoglobin and protein (at 2 min) by 89% and 79% (not shown). Putrescine negated DFMO inhibition and enhanced 45Ca21 influx and release of myoglobin and protein (not shown) at 2 min (Fig. 6 ). Putrescine also enhanced the calcium reperfusion-induced increment in 45Ca influx and release of myoglobin and protein in the absence of DFMO, whereas it was without effect on these parameters in control hearts not subjected to calcium-free perfusion (Table III) . The addition of 10 mM DFMO for the last 2 min of calcium-free perfusion and the first 2 min of calcium reperfusion inhibited cellular 45Ca influx by 68% during a 5-min reperfusion, and putrescine nullified DFMO inhi- bition (Table IV) . These data are consistent with the view that DFMO and putrescine exert their effects during calcium reperfusion. Morphological changes. The fine structure of ventricular myocytes in control hearts perfused with KH medium (Fig. 7  A) was similar to that of hearts fixed in situ by vascular perfusion. Calcium reperfusion caused extensive cellular damage manifested by a widespread occurrence of contracture bands, contracted fibers, and discharging mitochondria at intercalated discs in myocardial cells (Fig. 7 B) . 5 mM DFMO attenuated the development of the calcium reperfusion-induced changes in myocardial cell structure (Fig. 7 C) , whereas 0.5 mM putrescine nullified DFMO protection (Fig. 7 D) . Quantitative assessment of morphological damage at the light microscopic level showed that DFMO reduced the percentage of severely damaged myocytes by 71% after 5 min of calcium repletion (Table V) . Putrescine negated DFMO inhibition and significantly increased the percentage of damaged myocytes (Table V) .
Hypothermia. Hypothermia is known to attenuate or prevent the calcium paradox, with nearly complete protection from 5 min of calcium-free perfusion being afforded by reduction of the temperature during calcium-free perfusion to 220C (30, 31) . We therefore investigated the impact of hypothermia on heart ODC and polyamine levels in the calcium paradox. As expected, calcium-free perfusion at 18'C for 15 min protected the heart against calcium reperfusion-induced loss of contractility and release of myoglobin and protein (data not shown). Likewise, calcium-free perfusion at 18'C for 15 min caused no change in heart ODC ( Fig. 1 ) or polyamine levels (Fig. 2) . Moreover, calcium reperfusion at 370C after calcium depletion at 18'C also had no effect on heart ODC ( Fig. 1) or polyamines (Fig. 2 ).
Discussion
This investigation shows for the first time that the development of the calcium paradox is associated with rapid changes in heart ODC activity and polyamine levels. Calcium-free perfusion induces an early (< 5 min) decrease in myocardial ODC activity. This is associated with a reduction in the concentration ofpolyamines that is not attributable to their extracellular release. The subsequent reintroduction of Ca2" evokes an acute (< 15 s) rise in heart ODC activity and prompt (< 15-30 s) sequential increments in polyamines in the order of putrescine > spermidine > spermine during 120 s of calcium reperfusion. This rank order is consistent with the precursor-product relationship seen in the ODC-mediated pathway for polyamine synthesis (10) (11) (12) . Direct support for this synthetic pathway comes from the finding that the specific ODC inhibitor DFMO (29) blocks the calcium reperfusion-induced increase in polyamines.
For polyamines to qualify as mediators of abnormal Ca2" influx leading to the calcium paradox, the following criteria should be met. (a) The calcium repletion-induced stimulation of ODC activity and polyamine accumulation should com- The calcium paradox is characterized by a sudden, explosive onset with a measurable gain in heart calcium within 15 s (8), followed by contracture and transition to irreversible injury within 30 s of calcium reperfusion (32) . We have demonstrated significant increases in the levels of heart ODC, putrescine, and spermidine, and enhanced cellular 45Ca2" influx these changes appear to be consistent with the hypothesis that polyamines serve as mediators of abnormal Ca2+ influx leading to the calcium paradox. We used DFMO as a molecular probe to directly assess the pathophysiological role of polyamines in the calcium paradox. DFMO is a specific, enzyme-activated, irreversible inhibitor of ODC (29) which has no other known biological action, although in longer-term experiments it results in adaptive changes to putrescine depletion, including increases in s-adenosylmethionine decarboxylase and polyamine oxidase activities and decarboxylated s-adenosylmethione levels (12) . DFMO has been extensively used to deplete cellular polyamines and delineate polyamine-dependent processes (10) (11) (12) . DFMO effectively suppressed the calcium reperfusion-induced stimulation of heart ODC activity and the increase in polyamines, and coincidentally attenuated or blocked cellular 45Ca influx, contractile failure, loss of cytosolic constituents, and structural lesions. Conversely putrescine, the product of ODC activity, replenished cellular polyamines and nullified DFMO protection, allowing the full development of the calcium paradox. Indeed in some experiments (Table V, Figs. 4 and 6) putrescine significantly intensified certain manifestations of the calcium paradox in the DFMO-treated heart. Moreover, putrescine has been found to accelerate the uncontrolled entry of extracellular Ca2' and development of the calcium paradox in the absence of DFMO (Table III) . It is noteworthy that exogenous putrescine apparently protected heart ODC from DFMO inhibition in these short-term experiments (Table II) . The mechanism for this protective action of putrescine is unknown but may involve putrescine competition with DFMO for a binding site on ODC, or inhibition ofODC decarboxylation of DFMO, an essential prerequisite for suicide inhibition of ODC (29) , by putrescine (product inhibition). Thus putrescine could prevent DFMO inhibition of the evoked accumulation of cellular polyamines by two mechanisms: (a) by protecting against DFMO inhibition of enhanced ODC activity; and/or (b) by transport of putrescine into cells and its conversion to higher polyamines. These data show that rapid polyamine synthesis is obligatory for the mediation of calcium reperfusion-induced Ca2' influx and cellular damage. Thus polyamines fully satisfy the criteria required of a mediator to trigger abnormal Ca2+ influx and precipitate the calcium paradox.
Independent evidence that polyamines play an essential role in the pathophysiology of the calcium paradox comes from our experiments on hypothermia. Calcium-free perfusion causes an early time-(5, 8) and temperature-dependent (5) reduction in heart calcium content, and calcium reperfusion induces an acute (< 15 s) gain in heart calcium rising to 4 . DFMO blocks the calcium reperfusion-induced release of heart enzymes. Hearts were perfused as described in Table II and in the text. Heart effluents were collected over a 2-min period of calcium reperfusion for enzyme assays. Control effluents were collected between 10 and 12 min of perfusion with KH medium. CK, creatine kinase; LDH, lactate dehydrogenase; GOT, glutamate-oxaloacetate transaminase. Data are expressed as percent of the total activity (perfusate + heart) and are means±SEM (n = 3 hearts per treatment). **P < 0.01 vs. control. +P < 0.05, $0.01 vs. calcium reperfusion. sion-induced release of _ heart myoglobin and protein, and putrescine negates the DFMO effect. Hearts were perfused as described in Table II asymptote at 2 min (5, 8) . Hypothermia prevents calcium depletion (5) and concomitant loss of ODC and polyamines during calcium-free perfusion, as well as the calcium reperfusioninduced increase in ODC activity and polyamine levels and calcium overload (5, 30) . These findings confirm that ODCmediated polyamine synthesis is involved in the mediation of abnormal Ca2" influx and calcium overload in the calcium paradox. In addition, they suggest that calcium depletion-induced deactivation of ODC is a necessary prerequisite for the subsequent activation of ODC evoked by calcium reperfusion.
These findings focus attention on the role of Ca2" in the regulation of ODC activity and polyamine synthesis in heart cells. Extracellular Ca2" is required for the induction of ODC activity in cultured cells by a number of agonists. This induction is expressed after a delay of several hours and reflects transcriptional and/or translational regulation of de novo ODC synthesis (33) (34) (35) (36) . A direct role for Ca2" in regulating Hearts were perfused according to the protocol described in Table I . Each result represents the mean±SEM of data obtained from four rat hearts per treatment group as described in Methods. activity after a lag period of 2-4 h in each state (37) . However, there appears to be no precedent in any in vitro eukaryotic system for either the rapid decline in ODC activity and polyamine concentrations induced by calcium depletion or the abrupt rise in ODC activity and polyamine concentrations evoked by calcium repletion. Our findings in the calcium paradox strongly suggest that in cardiac myocytes ODC is a Ca2+-sensitive enzyme, i.e., its catalytic activity is regulated by the Ca2, concentration, under conditions oflow extracellular Ca2+ (< 50 ,uM), These changes in ODC activity are too rapid to be mediated by a transcriptional or translational regulation of ODC synthesis, and hence probably represent a deactivationreactivation sequence involving a preexisting ODC by a posttranslational mechanism.
We have previously hypothesized that ODC activity is normally regulated by depolarizing and receptor-operated signals via a molecular cascade involving Ca2", Ca2+ channels, calmodulin, phospholipases, prostaglandins, cAMP, and the cytoskeleton (13, 14, 16, 17, 20, 21) . This cascade induces a rapid, transient activation of a cryptic ODC associated with the plasmalemma (sarcolemma) through a posttranslational change that may involve a reversible phosphorylation-dephosphorylation sequence of ODC, an ODC-regulatory protein, or an ODC binding site. We now hypothesize that during calcium depletion, sarcolemmal ODC becomes Ca2"-sensitive and its catalytic activity is then regulated via one or more Ca2+-or Ca2+-calmodulin-dependent, rate-regulatory reactions in this molecular cascade. This cascade may be temperature-dependent, as ODC deactivation fails to occur if calcium-free perfusion is conducted under hypothermal conditions (18C). The rapid reduction in polyamines during calcium-free perfusion apparently reflects an abrupt decline in ODC-mediated polyamine synthesis and a concomitant rapid degradation of heart polyamines under these conditions, inasmuch as extracellular release of polyamines has been ruled out.
The calcium reperfusion-induced elevation of ODC and polyamine levels resembles that induced by physiological concentrations of hormones with respect to time course, magnitude, and DFMO sensitivity (13) (14) (15) (16) (17) (18) (19) (20) (21) . In contrast, calcium reperfusion increases 45Ca2" influx dramatically (17- In this hypothetical model heart myocytes subjected to calcium-free perfusion are rendered Ca2+-intolerant because calcium depletion (5, 8) and the accompanying polyamine depletion cause Na+/Ca2+ exchange and Ca2+ channel activity to become supersensitive to polyamines. Small amounts of polyamines synthesized by Ca2 -activated ODC within seconds after readmission of calcium would cause a rapid massive entry of extracellular Ca2 . In addition, an impaired capacity of calcium-depleted cells to regulate internal Ca2+ by sequestration in the sarcoplasmic reticulum (42, 43) and extrusion across the sarcolemma (43, 44) via their respective Ca2+ -ATPase pumps has been implicated in the phenomenon of Ca2+-intolerance, and polyamines could contribute to this mechanism. The resulting rise in free myoplasmic and intramitochondrial Ca2+ concentration would cause (a) a loss of contraction, contracture, and cellular ATP depletion resulting from Ca2+ activation ofmyosin ATPase, and (b) uncoupling of mitochondrial oxidative phosphorylation and consequent failure ofATP generation (6, 45) . Other events associated with the calcium paradox, e.g., massive release ofmyoplasmic constituents and nonspecific increase in permeability through damaged sarcolemma and disrupted intercalated discs, apparently are secondary events developing after, and partly as a consequence of, contracture and transition to irreversible injury at -20-30 s (32, 46) . These experiments raise a number of important questions regarding the calcium paradox which remain to be addressed structure, including compact mitochondria, and slightly lengthened sarcomeres and partially separated intercalated discs associated with calcium-free perfusion. (d) Calcium reperfused heart treated with DFMO and putrescine. Cellular damage is similar to that in untreated calcium-reperfused heart shown in (b). Note the shortening of sarcomeres, apparent swelling of sarcoplasmic reticulum, swelling and terminal ejection of mitochondria, contracture bands, and intact sarcolemma.
in future studies. These include the cellular and molecular mechanisms underlying the short-term regulation of ODC activity and polyamine synthesis by Ca , the control of transmembrane Ca2+ movements by polyamines, and the mediation of cell damage. Our findings raise the interesting possibility that similar changes in ODC activity and polyamine synthesis may be involved in other pathophysiological states associated with intracellular Ca 2 overload. If this inference is confirmed, DFMO and other interventions that attenuate polyamine synthesis may prove to be of value in their treatment.
